Background. Non-small cell lung cancer patients with epidermal growth factor receptor (EGFR) mutations have mixed responses to tyrosine kinase inhibitors (TKIs). Intertumor heterogeneity in EGFR mutations is one potential explanation for this phenomenon.
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INTRODUCTION
Personalized medicine is a promising approach that can improve treatment outcomes in patients with advanced non-small cell lung cancer (NSCLC) [1] [2] [3] . The discovery of driver oncogenes, such as activating mutations in the epidermal growth factor receptor gene (EGFR), has made personalized medicine for lung cancer a reality. The dimerization of EGFR induces intrinsic intracellular protein-tyrosine kinase activity, resulting in autophosphorylation and downstream signaling leading to cell proliferation, angiogenesis, and apoptosis [4] . Tyrosine kinase inhibitors (TKIs), including gefitinib and erlotinib, selectively inhibit EGFR signaling by targeting its ATP-binding site and preventing the activation of its intrinsic tyrosine kinase domain [5, 6] .
Most patients with EGFR-activating mutations respond well to EGFR TKIs, but a subset of patients exhibit mixed responses. The tumor response rate to first-line EGFR TKIs is in the range of 52%-82% [1, 2, 7] . Among patients who fail to attain a partial or complete response, some tumors respond whereas others progress [8, 9] . This phenomenon may be explained by heterogeneity in the EGFR mutation status between the primary lung tumors and their metastases [10, 11] . To date, only limited information regarding the heterogeneity of EGFR mutations is available, and this hypothesis has remained untested [12] [13] [14] . For this reason, we studied discordance in the EGFR mutation status in paired samples of primary pulmonary adenocarcinoma and regional lymph nodes or distant metastases. Our results may help to explain the phenomenon of mixed tumor responses to EGFR TKIs and provide a foundation for future diagnostic and therapeutic approaches to TKI resistance.
MATERIALS AND METHODS
Patients and Tissue Samples
We performed EGFR mutation analyses in 3,071 consecutive lung cancer patients treated at the Guangdong Lung Cancer Institute from November 2006 to May 2011 (Fig. 1) . All patients provided informed consent for the use of their tumor samples for molecular and pathologic analyses. The study was approved by the Ethics and Scientific Committees of Guangdong General Hospital. The clinical features of each patient were collected from their medical records. Patients with tumor samples available from two or more disease sites (at least one from the primary tumor) were included. We excluded 126 cases who were diagnosed with small cell lung cancer, did not feature adenocarcinoma in any lesion, showed absence of a primary tumor, or had insufficient tumor tissue for molecular analysis. In total, 180 patients with paired adenocarcinoma samples were eligible, and they were classified into four groups. Group A included patients with paired metachronous primary tumors diagnosed at different times. Group B included patients with a primary tumor paired with regional lymph node metastasis. Group C included patients with multiple pulmonary nodules. Group D included patients with a primary lung tumor paired with a distant metastasis. Furthermore, we categorized patients into synchronous and metachronous groups. The metachronous group included three subgroups: patients who did not undergo systemic therapy, patients who underwent chemotherapy, and patients who underwent TKI therapy. All paired samples were analyzed for activating EGFR mutations through direct DNA sequencing. If the primary tumors and their metastases shared the same mutation, they were considered homogeneous. If they were different, we confirmed the finding using the high-resolution melting method (HRM) to ensure the accuracy of direct sequencing.
EGFR Mutation Analysis Using DNA Sequencing
EGFR mutation analyses were performed on the 360 tumor samples using direct sequencing. Tumor samples from eligible patients were retrieved from our archives. Genomic DNA was extracted from 226 resection specimens and 134 transthoracic needle aspirations of lung nodules or fiber bronchoscope samples that contained Ͼ50% neoplastic cells. Polymerase chain reaction (PCR) was used to amplify exons 18 -21 of EGFR. Mutation testing was performed only when the quantity of PCR-amplified DNA was judged to be sufficient through electrophoretic analysis. All detections were performed using a Big Dye Terminator, Version 3.1, Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Both forward and reverse sequencing reactions were performed with an ABI3100 genetic analyzer. A second round of validation was performed if a novel mutation (other than an exon 19 deletion or L858R mutation) was found or if poor sequence data (twin or sliding peaks) were obtained. If contradictory results were obtained from the paired samples, testing was repeated to exclude the possibility of false-positive or false-negative results [15] .
EGFR Mutations Detected Using HRM
HRM is a sensitive genotyping method [16] . The melting profile of a PCR product depends on its guanine and cytosine content, length, and sequence and can therefore be used to detect heterozygosity. Assays were performed using the LightCycler 480 system according to the manufacturer's protocol. Data were analyzed using LightCycler 480 software (version 1.5). PCR was performed in duplicate for each sample, and two investigators blinded to the clinical information analyzed the results.
Statistical Analysis
Multivariate analyses were performed to determine correlation between heterogeneity and the clinical characteristics. In all tests, p Յ .05 was considered to be statistically significant. All statistical tests were two sided and were performed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL).
RESULTS
Patient Characteristics
Patient characteristics are summarized in Table 1 . The median age of the 180 enrolled patients was 58 years (range, 27-84 years). In total, 38 (21.1%) patients had received TKI therapy and 59 (32.8%) had received chemotherapy between the biopsies of the primary and secondary samples. In total, 360 samples (180 pairs) were analyzed, including 235 primary tumor samples, 49 lymph node metastases, 41 pulmonary nodules, 15 chest-wall metastases, eight pleural metastases, five brain metastases, three liver metastases, three adrenal gland metastases, and one retroperitoneal lymph node metastasis.
EGFR Heterogeneity
Activating EGFR mutations were identified in 119 (50.6%) primary tumors, 15 (30.6%) lymph node metastases, 19 979 Chen, Zhong, Zhang et al.
(46.3%) pulmonary nodules, and 16 (45.7%) distant metastatic tumors. In total, 27 cases were discordant using direct DNA sequencing and 25 cases were validated using the HRM method. The overall discordance rate in our cohort was 13.9% (25 of 180). The details of each discordant case are summarized in Table 2 . Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; SCLC, small cell lung cancer. 
EGFR Mutation Heterogeneity Between Primary Tumors and Their Metastases
The highest discordance rate of 24.4% (10 of 41) was observed in group C (paired multiple pulmonary nodules), compared with 14.3% (five of 35) in group D (paired primary lung tumor and distant metastasis) and 10.2% (five of 49) in group B (paired primary lung tumor and metastatic lymph nodes). The lowest discordance rate, 9.1% (five of 55), was observed in group A (paired metachronous primary tumors diagnosed at different times) ( Fig. 2A) .
EGFR Mutation Heterogeneity in Synchronous and Metachronous Groups
Synchronous tumors had a discordance rate of 7.5% (three of 40), whereas metachronous tumors had a discordance rate of 15.7% (22 of 140). In the metachronous group, patients without exposure to any systemic therapy had a discordance rate of 9.3% (four of 43), whereas patients with exposure to chemotherapy had a discordance rate of 13.6% (eight of 59). The highest discordance rate, 26.3% (10 of 38), was observed in patients exposed to TKIs between the biopsies of the two samples (Fig. 2B ). Of these 38 patients, 34 developed EGFR TKI resistance. In resistant cases, 10 (29.4%) exhibited heterogeneity and five (14.7%) exhibited mixed responses; three (8.8%) of these cases also exhibited discordant EGFR mutations. Additionally, 10 patients developed acquired resistance with a T790M mutation in exon 20 (Table 3 , Fig. 3 ).
Multivariate Analysis: Correlation Between Heterogeneity and Clinical Characteristics
Multivariate analyses were conducted based on data from 180 paired samples. The incidence of heterogeneity was used as the 
DISCUSSION
This is the largest study of EGFR mutation heterogeneity between primary lung tumors and their metastases to date. We confirmed an overall discordance rate of 13.9% in 180 patients. Other studies with smaller sample sizes have reported variable discordance rates. Kalikaki et al. [17] reported an EGFR mutation heterogeneity rate of 28% in 25 white patients using direct sequencing to identify mutations. Schmid et al. [14] reported a discordance rate of 6.3% in 96 white patients using direct bidirectional sequencing. These differences may be explained by the study populations and the pathological types of the samples. Our larger sample size confirmed a heterogeneity rate of 13.9% in a homogeneous population of Asian patients with pulmonary adenocarcinoma. We took double diligence to optimize the sensitivity of the mutation analysis. Zhou et al. [18] reported that a more sensitive technique was capable of detecting rare mutated genomes. The apparent absence of any EGFR mutation may simply imply a low abundance of mutated genomes if only the direct DNA sequencing method is used. Other studies have suggested that the detection of changes in EGFR mutation status is primarily related to the sensitivity of the sequencing method. Yatabe et al. [19] studied the EGFR mutation status in 77 Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor. EGFR Heterogeneity in Lung Adenocarcinomas paired primary and metastatic tumor samples and did not find discordance in any of the samples. They concluded that the heterogeneous distribution of EGFR mutations is rare and that pseudoheterogeneity is observed as a result of the use of less sensitive methods of detection. In our study, we minimized pseudoheterogeneity by repeating the analysis in discordant cases with an alternative and more sensitive testing method. HRM is an ultrasensitive method that can confirm the accuracy of direct sequencing. The concordance rate between the results of direct sequencing and the HRM method in our study was 92.6% (25 of 27). These results are consistent with the findings reported by Gow et al. [20] , who observed heterogeneous EGFR mutations in 38.8% (26 of 67) of Asian patients using direct sequencing and 26.8% of patients using the Scorpion amplified refractory mutation system assay. In contrast, Park et al. [21] found EGFR mutation heterogeneity in 11.9% (12 of 101) of samples with direct sequencing but in 16.8% (17 of 101) of samples tested with heteroduplex analysis. Although previous studies have reported that heterogeneity occurs prior to patient treatment, there is little evidence regarding the role of treatment (particularly chemotherapy and TKI therapy) in mutagenesis. We therefore compared EGFR heterogeneity between synchronous tumors and tumors from patients who had received TKI therapy, chemotherapy, or no systemic treatment between samplings of metachronous tumors. Our data reflect the potential mutagenic effects of chemotherapy and TKI therapy.
Our previous study found unusual cases in which the primary tumor had a wild-type EGFR sequence but the metastases exhibited a mutated genotype, regardless of the detection method used [22] . Additionally, some patients harbored different histological subgroups coexistent with EGFR heterogeneity. These results might be explained by genomic heterogeneity within the primary carcinomas. Heterogeneity in EGFR mutation was observed within a primary tumor that was composed of mixed atypical adenomatous hyperplasia, bronchoalveolar carcinoma, and adenocarcinoma [23] . Taniguchi et al. [10] evaluated 21 NSCLC patients with EGFR mutations and found six tumor samples containing both mutated and wild-type tumor cells. Another possible explanation for this unusual observation is that the "metastatic" Table 3 ). PET-CT showed a round mass with a high SUV in the left upper lobe with multiple bone metastases. No suspected lesions were found in the adrenal gland or the retroperitoneal space. A deletion in exon 19 of EGFR was detected in tumor tissue biopsied from the left upper lobe. After 4 months of first-line erlotinib therapy, a second PET-CT scan showed that the SUV and diameter of the primary tumor located in the left upper lobe had decreased significantly, whereas an aggressive novel neoplasm emerged in the retroperitoneal space and adrenal gland. Wild-type EGFR was identified in a tumor retrieved from the retroperitoneal space by laparoscopy, whereas an exon 19 deletion plus a T790M mutation in exon 20 of EGFR was observed in tissue biopsied from the adrenal gland. A third PET-CT scan was conducted after erlotinib plus cetuximab was continued for two cycles. Moderate left upper lobe enlargement was observed, but the EGFR exon 19 deletion was still present in rebiopsied tissue. Additionally, the retroperitoneal lymph node lesion was significantly smaller, but the adrenal gland lesion had grown aggressively. (B): The pie chart illustrates the frequencies of the various mechanisms of EGFR TKI resistance in 34 patients with NSCLC. Pre-and post-treatment images were evaluated to define the role of mixed responses to EGFR TKIs. The mixed-response cases accounted for 14.7% of TKI-resistant cases and include two subsets: mixed response combined with heterogeneity (8.8%) and mixed response combined with uncertain EGFR status (5.9%).
Abbreviations: EGFR, epidermal growth factor receptor; NA, not available; NSCLC, non-small cell lung cancer; PD, progressive disease; PET-CT, positron emission tomography-computed tomography; PR, partial response; SUV, standardized uptake value; TKI, tyrosine kinase inhibitor; WT, wild-type. 983 Chen, Zhong, Zhang et al.
tumor was actually a secondary primary carcinoma, as observed with multiple pulmonary nodules.
Heterogeneity in the EGFR mutation status was higher in patients with multiple pulmonary nodules. This result may be explained by the presence of more than one primary lung cancer [24 -27]. Our observation has significant clinical implications for patients who present with multiple pulmonary nodules. Current practice guidelines suggest biopsying only one lesion for the histological diagnosis and molecular analysis. Our data show a discordance rate of 24.4%, suggesting that approximately one in five patients with multiple lung nodules may have heterogeneous disease. This result indicates that serial and/or multiple biopsies for multiple lung nodules may be necessary to understand the biology of the lung cancer. Genomic heterogeneity may also explain why some mutationnegative patients are responsive to TKIs whereas some mutation-positive patients are resistant. Sequist et al. [28] indicated that further mutation of EGFR, MET amplification, phosphatidylinositol 3-kinase mutation, and transition to small cell cancer may be associated with drug resistance. Additionally, we found mixed responses in 14.7% of cases with resistance to TKI therapy, 8.8% of which were coexistent with heterogeneity; thus, up to 8.8% of mixed responses may be explained by EGFR heterogeneity. Based on the genomic changes observed in conjunction with mixed responses, it is rational to suggest that EGFR TKIs should be continued beyond progression and used in combination with other treatment modalities, including radiotherapy, surgery, and chemotherapy, for patients with mixed responses [29] . We demonstrated that selective tumors may still harbor an activating EGFR mutation and be sensitive to EGFR TKIs, whereas the progressing tumor may be sensitive to other treatment modalities. Our findings also support the practice of rebiopsying tumors that progress during TKI treatment, although it is difficult to incorporate synchronous second biopsies into everyday clinical practice [15, 28] . This approach will help to optimize therapy for patients with known activating EGFR mutations. Tumor heterogeneity should also provide the foundation for a multikinase inhibitor and molecular evidence to support clinical treatment strategies for patients with lung cancer [29, 30] .
Our study is limited by the availability and quality of archival tumor samples. Some tumor samples were very small and may not have contained sufficient DNA for mutation analysis. Thus, the apparent loss of mutation in some cases could be explained by the quality of the archived material. One other limitation is the lack of multiple sampling from primary tumors. For this reason, we were not able to address the intratumoral heterogeneity issue.
CONCLUSIONS
In summary, EGFR mutation heterogeneity exists in Asian patients with pulmonary adenocarcinoma, but the overall discordance rate is relatively low. Only patients with multiple pulmonary nodules have a significantly higher rate of heterogeneity, and this observation may explain the mixed tumor response to EGFR TKIs.
